BACKGROUND. Sorafenib is an oral antiangiogenic agent administered in advancedstage hepatocellular carcinoma (HCC). Based on preclinical and human studies, we hypothesized that, in addition to its antiangiogenic properties, sorafenib may beneficially reduce the extent of the immunosuppressive network in HCC patients. To test this hypothesis, we examined whether alterations in the immunosuppressive burden of advanced-stage HCC patients correlated with clinical outcome.
Introduction
Sorafenib, considered as the current backbone of hepatocellular carcinoma (HCC) treatment, is an oral small molecule inhibitor of several tyrosine protein kinases, targeting VEGF receptors (VEGFR), platelet-derived growth factor receptor-β, c-Kit, and Flt-3 (1) . VEGF was originally identified as a tumor-secreted factor that increased vascular permeability, promoted angiogenesis, and thus facilitated tumor growth. However, the role of VEGF on the biology of immune cells, particularly Tregs, has only been recently appreciated (2) .
Tumors exploit multiple immunosuppressive pathways to actively evade immune recognition, including endogenous "immune checkpoints" that normally terminate immune responses after antigen activation. This knowledge has resulted in a concerted effort to develop targeted immunotherapeutic approaches to cancer by the blockade of immune checkpoint receptors. PD-1 is an inhibitory checkpoint receptor expressed on T cells after chronic antigenic stimulation. Engagement of PD-1 on T cells with PD-L1 on tumor cells downregulates antitumor T cell responses (3, 4) . Upregulation of PD-L1 by neoplastic cells allows tumors to escape the antitumor effector T cell responses. Therefore, recent efforts in immunotherapy of cancer have focused on activating the dampened immune system by inhibiting the immune checkpoint pathways respon-sible for T cell paralysis. Clinical efficacy of the PD-1-PD-L1 axis as a therapeutic target has been validated in several cancers (5) (6) (7) . However, little information is available on the relative contribution of PD-1 inhibitory pathways to the dampened antitumor T cell responses or the impact of PD-1 blockade on reinvigoration of exhausted T cells in HCC patients. We and others have reported that the magnitude of antitumor T cell responses is severely compromised in advanced HCC patients by redundant immunosuppressive pathways comprising Tregs, myeloid derived suppressor cells (MDSC), PD-1 + T effector cells, and inhibitory cytokines (8) (9) (10) . We have also demonstrated that high expression of PD-1 on exhausted T cells contributes to ineffective effector T cell function, and selective in vitro depletion of the immunosuppressive cells resulted in moderate improvement of T effector cell function in HCC patients (11) .
Sorafenib targets multiple kinase receptors -including VEGF, c-Kit, and Flt-3 -which are abundantly expressed on Tregs and MDSC (2, (12) (13) (14) . Expression of these receptors on immunosuppressive cell subsets provided the rationale for our hypothesis that, in addition to targeting angiogenesis, sorafenib treatment may also reduce the immunosuppressive burden in HCC patients and thereby invigorate antitumor effector T cell function. Our study demonstrates, for the first time to our knowledge, the immunomodulatory effect of sorafenib in reducing the number of PD-1 + T cells with survival benefit. Furthermore, the measurement of the phenotype and functional activity of T cells before treatment and their modulation following sorafenib therapy could serve as a prognostic biomarker to identify HCC patients who may benefit from this treatment alone or as a combination therapy regimen.
Results
Reduction in PD-1 + T cells following treatment with sorafenib. We investigated the effect of sorafenib treatment on PD-1 expression by CD4 + T cells in HCC patients and observed that the frequency of CD4 + PD-1 + T cell was significantly reduced (P = 0.01, Figure 1A , and Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/jci.insight.86182DS1.). The reduction in the absolute numbers of this phenotype was not significant ( Figure 1B ). PD-1 expression levels (mean fluorescence intensity [MFI]) on CD4 + T cells were also significantly decreased (P = 0.02, Figure 1C ). The reduction in the frequency of CD4 + PD-1 + T cells and PD-1 expression levels on CD4 + T cells did not show significant association with OS (Supplemental Figure 4 , G and H). This study is a demonstration of a beneficial reduction in CD4 + T cell PD-1 expression by a multikinase inhibitor. Additionally, we also demonstrate that the frequencies and absolute numbers of CD4 + Foxp3 + PD-1 + T cells after sorafenib therapy were diminished and the reduction in the absolute numbers was statistically significant ( Figure 1 , D and E, respectively; P = 0.04). Of note, PD-1 expression levels on Foxp3 + Tregs was also reduced in the posttreatment samples ( Figure 1F ), suggesting that the mechanism by which sorafenib mediates the reduction in surface PD-1 expression can also be extended among a wide lineage of activated T cells. Nevertheless, reduction in any of the above immune parameters after sorafenib therapy did not correlate with OS of the patients (Supplemental Figure 4 , I-K). Sorafenib had a mixed effect on the percentage of CD4 + CD127 + T effector cells, with half of the patients showing an increase in frequency ( Figure 1G ). Importantly, the ratio of the percentage of CD4 + CD127 + PD-1 -T effector cells to the percentage of CD4 + Foxp3 + PD-1 + Tregs was also significantly increased following treatment (P=0.03, Figure 1H ). The frequency and absolute number of CD8 + PD-1 + T cells or PD-1 expression on CD8 + T cells measured as MFI showed decreases after treatment but did not reach statistical significance (P = 0.20, P = 0.15, and P = 0.31, respectively, Figure 1 , I-K). The decrease in the frequency of CD8 + PD-1 + T cells did not correlate with OS of the patients (Supplemental Figure 4L ).
Twelve of 19 patients included in our study were hepatitis C virus-positive (HCV + ), and we observed that the ratio of the percentage of CD4 + CD127 + T effector cells to the percentage of CD4 + Foxp3 + PD-1 + T cells was higher in the pretreatment samples of HCV + patients (median, 3.4; range, 1.9-1.6) as compared with HCVpatients (median, 2.5; range, 1.7-3.9), and this was significant (P = 0.05). A comparison of peripheral blood Tregs/T effector cells with intrahepatic Tregs or T effector cells could not be performed in these patients with advanced disease who present with poor liver function, since tumor biopsies for translational studies could impact their current standard of care or quality of life.
Sorafenib treatment reduces number and frequency of Tregs. A significant decrease in both the frequency and absolute numbers of CD3 + CD4 + Foxp3 + Tregs was observed in samples collected after sorafenib treatment (P= 0.02, P = 0.05, respectively; Figure 2 , A and B, and Supplemental Figure 1A ). However, decrease in the frequency of Tregs did not correlate with OS of the patients (Supplemental Figure 4A ). In addition to the decline in Treg frequencies, there was a significant increase in the ratio of CD4 + CD127 + T effector cells to Tregs (P = 0.01, Figure 2C ). insight.jci.org doi:10.1172/jci.insight.86182
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While there was marked reduction in both the frequency and the absolute number of Foxp3 + CTLA-4 + Tregs following sorafenib therapy (P = 0.02, P = 0.05, respectively, Figure 2 , D and E), this did not correlate with any improvement in overall survival (OS; log-rank, P = 0.51, P = 0.30, Supplemental Figure 4 , B and C)
Overall, sorafenib treatment has a beneficial effect on reducing PD-1 expression and putative Treg suppressive phenotype, which prompted us to perform further mechanistic experiments described in Figure 3 .
Effect of sorafenib treatment on MDSC levels. On average, treatment did not significantly influence either the frequency or the absolute number of CD11b + CD33 + MDSC in HCC patients (P = 0.61, P = 0.92, respectively, Figure 2 , F and G). Representative staining and gating of MDSC from HCC patients before and after sorafenib therapy are shown in Supplemental Figure 1B . Reduction in the frequency and absolute number of MDSC following sorafenib treatment did not show significant correlation with OS (log-rank, P = 0.29, P = 0.09, respectively, Supplemental Figure 4 , E and F).
Immunomodulatory effect of sorafenib in vitro. To directly address the hypothesis that sorafenib treatment has an unbiased effect on mitigating the immunosuppressive qualities of all T cell lineages, unsorted T cells from peripheral blood monocytes (PBMC) were activated via the T cell receptor (TCR) in the presence or absence of 10 μM sorafenib or 10 μg/ml of anti-human VEGF antibody. Dose response experiments of sorafenib established the optimal in vitro activity at 10 μM concentration of sorafenib, and hence, this concentration was used in subsequent experiments (Supplemental Figure 1C ). Examining the impact on these bulk T cells as a model of the nonselective effect of sorafenib revealed a marked reduction in the frequency of CD4 + CD127 + PD-1 + T cells, whereas the frequency of CD4 + CD127 + PD-1 -T cells was enhanced by sorafenib treatment. This finding confirms that the beneficial effect of sorafenib treatment can be directly attributed to the pathway-specific downmodulation of PD-1 expression on CD4 + T cells rather than nonspecific cytotoxicity of sorafenib on T cells (P = 0.02, Figure 3 , A and B). The lack of cytotoxicity was further corroborated by the use of a viability-exclusion dye (FVS V450) that demonstrated equivalent cell viability in both sorafenib-treated and untreated cells (Supplemental Figure 2 , A and B). Additionally, we observed a significant reduction in the frequency of Foxp3 + Tregs and CTLA-4 + Tregs following in vitro treatment with sorafenib (P = 0.02 for both, Figure 3 , C and D) with concomitant increase in IFN-γ production by CD4 + and CD8 + T cells (Supplemental Figure 2 , C-H; P = 0.02, P = 0.05, Figure 3 , E and F, respectively). VEGFR2 expression on both CD4 + PD-1 + and CD8 + PD-1 + T cells was significantly reduced in sorafenib-treated PBMC as compared with control ( Figure 3 , G and H, respectively, and Supplemental Figure 2 , I and J). The targeted capacity of sorafenib to restrict PD-1 + T cell frequency compared with PD-1 -T cells in HCC patients is, to our knowledge, a new immunomodulatory function of this multikinase inhibitor. This finding represents an alternative method to PD-1 blockade in order to prevent accumulation of PD-1 + T cells, while simultaneously promoting increased frequency of effector T cells unburdened with the potential to undergo suppression by cognate PD-1 signaling.
Blocking of VEGF/VEGFR2 pathway downregulates Tregs and PD-1 + T cells. We further examined the mechanism by which sorafenib treatment imparts a beneficial reduction in the PD-1 signaling pathway. Given that sorafenib primarily targets angiogenic signaling, we examined whether the absence of soluble VEGF in cultures of activated T cells recapitulated the effect of sorafenib treatment. We observed significant reduction in the frequency of CD4 + CD127 + PD-1 + T cells with concomitant enhancement in the frequency of CD4 + CD127 + PD-1 -T cells in cells treated in vitro with anti-VEGF antibody (Supplemental Figure 3 , A and B). Furthermore, the frequencies of Foxp3 + and CTLA-4 + Tregs (Supplemental Figure 3 , C and D) and expression of VEGFR2 on exhausted T cells declined significantly in anti-VEGF antibodytreated PBMC (Supplemental Figure 3 , E and F). These results show that targeting the VEGFA/VEGFR axis using antiangiogenic molecules is sufficient to reduce PD-1 expression on exhausted T cells.
Effect of sorafenib treatment on cytokine levels. Significant decreases in the levels of immunosuppressive cytokines IL-10 and TGF-β1 were noted after treatment (P = 0.03, P = 0.03, respectively, Supplemental Figure 5C ). Change in IL-1β levels was not statistically significant (P = 0.11, Supplemental Figure 5D ). The changes in the levels of cytokines did not translate to changes in OS (log-rank, P = 0.73, P= 0.61, P = 0.62, P = 0.92; Supplemental Figure 4 , M-P, respectively.) Reduction in PD-1 + T cells and Tregs after sorafenib treatment correlates with OS. Patients were stratified into 2 groups based on the ratio between before-and-after measurements of PD-1 expression levels on CD4 + T cells following sorafenib treatment. Patients with greater decline in circulating CD4 + PD-1 + T cells achieved significantly improved OS compared with patients with lesser decline (log-rank P = 0.04, Figure  4A ). There was also a significant association between OS and a greater decline both in the absolute number of CD8 + PD-1 + T cells and PD-1 MFI on CD8 + T cells after treatment (log-rank, P = 0.04 for both, Figure 4 , B and C). These data suggest that preexisting T cell immunity is suppressed by PD-1 on T cells of HCC patients and T cells may be reinvigorated by downregulation of PD-1 following sorafenib treatment. Our data demonstrate the plasticity of PD-1 expression on activated effector T cells in cancer patients. To our knowledge, this plasticity has not been reported in the literature and offers a novel method to leverage the accumulation of PD-1 + T cells in cancer patients into reinvigorated effector T cells with the capacity to exert an effective antitumor response. Patients having higher numbers of CD4 + PD-1 + T cells and PD-1 + CD8 + T cells before initiation of sorafenib treatment achieved significant improvement in OS compared with patients with lower numbers of these phenotypes (log-rank, P = 0.05, P = 0.04, Figure 5 , A and B, respectively). These results indicate that patients with increased numbers of PD-1 + T cells before treatment initiation are more responsive to sorafenib therapy. Therefore, increased numbers of this phenotype in pretreatment blood samples may be a biomarker of prognostic significance. The most critical aspect of PD-1 reduction is the association with improved OS in patients exhibiting decreased PD-1 expression after sorafenib therapy.
The reduction in the absolute numbers of Tregs quantified in postsorafenib treatment samples correlated strongly with OS, suggesting that sorafenib reduces Treg numbers in patients who respond to therapy (log-rank, P = 0.004, Figure 4D ). Additionally, patients having higher frequencies of CD4 + Foxp3 + T cells and greater numbers of Foxp3 + PD-1 + T cells before the initiation of sorafenib therapy had significantly improved OS as compared with those patients having lower frequencies or numbers of these phenotypes (log-rank, P = 0.01, P = 0.009, respectively, Figure 5 , C and D). Therefore, higher frequencies of Foxp3 + Tregs in the pretreatment samples may represent a predictive immune correlate of responsiveness to sorafenib treatment. 
The importance of the enhancement in the T effector/Treg ratio achieved following treatment ( Figure 2C ) was additionally reflected by the significant association of increased CD4 + CD127 + T effector cell frequencies to OS (log-rank, P = 0.002, Figure 4E ). Patients having a low ratio of CD4 + CD127 + T effector cells to CD4 +-Foxp3 + T cells before sorafenib treatment achieved significant improvement in OS as compared with those having higher ratio of these phenotypes (log-rank, P = 0.01, Figure 5E ). These results corroborate with improved OS reported in patients with higher frequencies of Foxp3 + Tregs in their pretreatment samples ( Figure 5C ). 
Discussion
Previous studies from our laboratory provided the first demonstration that PD-1 + T cells, Tregs, and MDSC are major factors contributing to immune dysfunction in HCC patients (8, 11) . These critically important cells of the immune system are exploited by tumors to maintain an immunosuppressive microenvironment and promote tumor growth. In this study, we investigated the prognostic relevance of these circulating immune cell subsets and their relative impact on OS of advanced HCC patients treated with sorafenib. We have demonstrated that sorafenib therapy reduces the frequency and expression pattern of immune checkpoint receptors, Tregs, MDSC, and the levels of immunosuppressive cytokines.
The critical role of the PD-1 pathway as a deterrent to antitumor immunity has now been validated in clinical studies using monoclonal antibodies blocking PD-1 (5-7). PD-1 blockade mediated rapid and durable regressions in patients with treatment-refractory solid tumors and nonimmunogenic tumors. In this context, our study represents the first demonstration that anti-VEGF therapy using sorafenib resulted in statistically significant reduction of CD4 + PD-1 + T cells in a subset of HCC patients. Greater decreases in the numbers of CD4 + PD-1 + T cells or CD8 + PD-1 + T cells after sorafenib therapy were correlated with better OS. Conversely, sorafenib treatment resulted in significant improvement in the OS of patients having higher numbers of CD4 + PD-1 + T cells and CD8 + PD-1 + T cells before treatment initiation.
Though a recently published study in a murine HCC model observed a reduction in PD-1 + CD8 + T cells via sorafenib treatment (15) , our data is the first demonstration to our knowledge in HCC patients and further reveals a reversible aspect of PD-1 expression. Recently, the role of VEGF in increasing PD-1 expression on tumor antigen-specific T cells and downregulation of PD-1 expression by blockade of the VEGFA/VEGFR axis has been demonstrated in an experimental tumor model of colon cancer (16) . We have demonstrated the downregulation of VEGFR2 on exhausted human CD4 + and CD8 + T cells after in vitro exposure to sorafenib or anti-VEGF antibody, which suggests that blockade of the VEGF/VEGFR2 pathway may decrease PD-1 expression on T cells. In a separate study, we have observed significant reduction in ERK2 phosphorylation of endothelial progenitor cells (EPCs) in HCC patients after sorafenib therapy (unpublished work). A previous study has shown the downregulation of ERK2 phosphorylation in the PBMC of HCC patients treated with sorafenib alone or in combination with octreotide long-acting release (LAR) (17) . ERK is the downstream target of sorafenib, and signaling via VEGFA/VEGFR2) is critical for the phosphorylation of ERK2, which is being inhibited by sorafenib. Based on these findings, we postulate that one potential mechanism of action by which sorafenib regulates PD-1 expression on T cells could be achieved by inhibiting the VEGFA/VEGFR signaling pathway.
In our in vitro experiments, sorafenib treatment resulted in a significant reduction in the frequency of CD4 + CD127 + PD-1 + T effector cells. Importantly, sorafenib treatment did not cause a decline in the frequency of CD4 + CD127 + PD-1 -T effector cells, which ostensibly may comprise a population of activated Th cells required for sustaining antitumor immune responses by CD8 + T cells. In our in vitro experiments, significant enhancement in IFN-γ production by CD4 + and CD8 + T cells observed after sorafenib treatment supports this notion. The increased ratio of CD4 + CD127 + PD-1 -T effector cells to Tregs also indicates that immunosuppression by Tregs may have been negated; this is further validated by the increased CD4 + CD127 + T effector cell frequency after sorafenib treatment correlating with improved OS. These results indicate that the reduced frequency of exhausted CD4 + T effector cells observed after treatment is not due to nonspecific cytotoxicity of sorafenib. Importantly, significant improvement in OS achieved by patients having higher numbers of both CD4 + PD-1 + and CD8 + PD-1 + T cells before sorafenib therapy indicates that elevated pretreatment levels of these phenotypes are associated with better responsiveness to therapy. Our results suggest that monitoring of the dynamics of PD-1-expressing T cell frequencies could serve as an important biomarker to predict the clinical efficacy of antiangiogenic therapy in HCC patients.
A recent study in renal cell carcinoma patients treated with sunitinib and bevacizumab reported increased infiltration of Tregs into the tumor microenvironment associated with decreased survival of patients (18) . However, the above study lacked analysis of paired before-and-after treatment samples to allow conclusions on the kinetics of Tregs or effector T cell infiltration. Increased infiltration of Tregs relative to T effector cells after antiangiogenic therapy reported in the above study contrasts with our findings in sorafenib-treated HCC patients, in whom the frequency of effector T cells is elevated compared with Tregs and the PD-1 expression on the T cells is decreased. Importantly, the unique aspect of our study is the kinetic analysis in all patients of circulating immune cells, revealing the underappreciated impact of anti-VEGF therapy on effector T cell phenotype. Since neither liver nor tumor biopsy are standard of care for patients with advanced HCC, this precluded the analysis of effector T cells within the tumor. The analysis of matched before-and-after treatment circulating T cells used in our study suggests that the effector/ Treg ratio is beneficially skewed toward sustained antitumor immunity rather than immunosuppression with important clinical consequences. Reduction in PD-1 expression on T cells is also critical, since antitumor activity of these cells could be potentially compromised within the tumor microenvironment due to the cognate expression of programmed death-ligand 1 (PD-L1) by HCC tumor cells (19) . Thus, the immune-mediated beneficial outcome in sorafenib-treated HCC patients is a result of increased effector T cell frequency and the reduction of PD-1 expression on the effector T cells. This favorable change in immune phenotype after sorafenib therapy suggests several potential avenues by which to pursue combination therapy for sustained antitumor immunity, with the potential for tumor regression or cure.
In earlier studies, we showed that T effector cell function in advanced HCC patients can be partially restored by targeted removal of highly suppressive Tregs (8, 11) . In the present study, sorafenib treatment decreased the absolute number of Tregs, which correlated with OS. The pivotal role of the VEGF signaling pathway in Treg development and the VEGF-mediated escape mechanism of tumors by directly triggering Treg proliferation has been extensively studied in animal models. With the recognition that Foxp3 + Tregs express receptors for VEGF including VEGFR2 (20) , several preclinical studies targeting VEGFR have shown reduced Treg accumulation in the tumor microenvironment (21) (22) (23) (24) . Furthermore, patients with metastatic colorectal carcinoma treated with bevacizumab showed decreases in the frequency of their Tregs (24) . The decrease in the number of Tregs following sunitinib treatment has not consistently been found to correlate with OS of renal cell carcinoma (RCC) patients (25, 26) .
In HCC patients treated with sorafenib, a significant reduction in the frequency and number of tumor-infiltrating Tregs with downregulation of TGF-β signaling pathway was reported in liver tissue (27) . However, a recent study in RCC patients reported that sorafenib treatment prior to high-dose IL-2 therapy had no significant effect on circulating Tregs or MDSC (28) . This is understandable in light of the fact that treatment with high-dose IL-2 promotes Treg accumulation, thereby masking the suppressive effect of sorafenib on Tregs. A subpharmacological concentration of sorafenib in vitro has been shown to enhance CD4 + T effector cell proliferation and IL-2 production with concomitant downregulation of Treg function (29) . We have shown significant reduction in the frequency of Tregs with concomitant enhancement in T effector cell function following in vitro treatment with sorafenib. In our study, we have demonstrated that, in patients on a standard regimen, sorafenib therapy was sufficient to achieve reduction in circulating Treg frequency while simultaneously reducing the accumulation of exhausted CD4 + PD-1 + effector T cells. The higher ratio of the percentage of CD4 + CD127 + T effector cells to the percentage of CD4 + Foxp3 + PD-1 + T observed in the pretreatment samples of HCV + HCC patients in our study could be akin to the downregulation of Treg expansion by PD-1 in chronic HCV patients described by Franceschini et al. (30) . However, a comparison of Tregs/T effector cells in the PBMC with intrahepatic Tregs or T effector cells was not possible in our study.
Importantly, in our studies, we have shown that redundant immunosuppressive cell types are present at high levels in HCC patients compared with healthy controls (8) and that the number of Tregs, MDSC, and PD-1 + exhausted T cells are reduced following sorafenib treatment. In addition to reduction in the high pretreatment level of these immunosuppressive cell subsets, our most important finding was the association of decrease in PD-1 expression on T cells with improved OS in patients following sorafenib treatment. Furthermore, high pretreatment levels of these phenotypes significantly correlated with achievement of better OS in patients, suggesting that higher pretreatment numbers of these cells represent predictive immune correlates of responsiveness to sorafenib treatment. These signatures could also potentially be used for in vitro assessment of patients most likely to benefit from sorafenib therapy. Additionally, our studies suggest that administration of sorafenib as a potentially useful adjunct in combination with immunotherapeutic approaches may enhance the therapeutic efficacy of immune-based strategies against advanced malignancies.
Methods
Biomarker analysis. Heparinized peripheral blood samples were obtained from HCC patients before the initiation of treatment and after 4 weeks of sorafenib treatment through the Data Bank and Biorepository at RPCI. PBMCs were isolated by Ficoll-Paque density gradient centrifugation and were cryopreserved (8); plasma was stored at −80°C and used for cytokine assays (31) ; and frequency and phenotype of Tregs, MDSC, and PD-1 + T cells were analyzed by flow cytometry as described in the Supplementary Methods (8, 31) . Experiments on in vitro treatment of PBMC with sorafenib are detailed in the Supplementary Methods.
Statistics. Measurements for multiple immune parameters were obtained before and after sorafenib treatment in a single-institution convenience sample of 19 HCC patients. All markers are natural-log (ln) transformed prior to statistical analysis. The effect of sorafenib exposure was quantified as the difference in transformed marker values (ln [1 + post] -ln [1 + pre] ). Primary and derived immune marker expression measurements were summarized with common descriptive statistics (mean or ±SD). Associations between the paired before-and-after measurements were described with scatterplots and dot plots. The null hypothesis of no difference in the paired before-and-after treatment measurements was assessed using permutation paired t tests.
OS was defined as the number of months between initiation of sorafenib therapy and death from any cause. Seventeen of the 19 patients died. Two patients who were alive at the time of analysis were censored on their dates of last followup. To illustrate the effects on OS, the patient sample was bifurcated at the median value for the change in marker expression ( Figure  4 ) or median pretreatment expression values ( Figure  5 ). For each marker, the OS distributions of the 2 groups were compared using Kaplan-Meier plots. The null hypothesis of no difference between the groups was assessed with a log-rank test. Figure 4 , A-D, represents markers with a sorafenib-induced reduction of expression and the impact of that reduction on OS. Patients were bifurcated at the median of the observed reduction values. Patients grouped below the median were described as having greater declines, and those above the median were described as having lesser declines.
Sorafenib had a mixed effect on the percentage of CD4 + CD127 + T effector cells, with half of the patients showing an increase in expression, and the other half showing a decrease. The effect of this bifurcation on OS is shown in Figure 4E .
These results are considered hypothesis generating. P values less than 0.05 were considered statistically significant. Given the number of comparisons conducted, a correction for multiple testing has been included. For supplemental information, methods developed by Hommel (32) identified statistically significant comparisons that maintained a 0.05 family-wise Type I error rate. The main body of the manuscript includes 36 hypothesis tests. Of these, the 26 considered central to the premise of the manuscript were adjusted for multiple testing. The Hommel adjustment identified 6 comparisons with nominal P values less than 0.003 as being statistically significant, and these are shown in Figure 3 and Figure 4 . A complete listing of the nominal and adjusted P values is provided in Supplemental Table 1 .
The analyses for the in vitro effects of sorafenib treatment are based on a sample size of 7 patients with available PBMC samples. The VEGFR comparisons are based on 5 patients. The data included paired observations for each patient (before and after sorafenib exposure). Statistical significance of the sorafenib exposure was assessed using paired t tests. The sample size for these comparisons was too small to support permutation-based methods.
All data analyses were generated using SAS/STAT software, Version 9.4. (SAS Institute Inc.). Study approval. The study is based on a convenience sample of 19 HCC patients treated at RPCI between 11/3/2009 and 8/26/2014. The study protocol (I 67809) was approved by the RPCI IRB. Informed consent was obtained in a manner consistent with the World Medical Association Declaration of Helsinki and RPCI standards. Clinical characteristics of patients are summarized in Table 1 .
Table 1. HCC Patient characteristics (n = 19)
Sex (M/F) 16 
